ABSTRACT The effects of exercise on large coronary vasoreactivity were determined in eight dogs trained by treadmill running for 8 weeks. Six nontrained dogs comprised the control group. The trained group showed a significant reduction in heart rate during graded submaximal exercise testing when compared with the controls, and resting plasma levels of norepinephrine (nontrained group, 331 + 99 pg/ml; trained group, 142 30 pg/ml; p < .05) and epinephrine (nontrained, 424 -+- 
BECAUSE OF the now well-established role of coronary vasomotion in patients with coronary artery disease, interest in regulation of the proximal coronary artery has grown. Over 70 years ago, Osler' suggested that large coronary vasoconstriction was an important component of coronary disease, but only recently has the significance of large coronary regulation become evident.`4 We have previously shown that large coronary arteries can be regulated independently of coronary resistance vessels,5 and data from other laboratories have also demonstrated that large coronary arteries can be constricted by both a-adrenergic influence and by serotonin.6 7 Since exercise is used commonly in the rehabilitation of patients with heart disease, improved understanding of effects of exercise training on large coronary arteries would be useful. Studies of long-term effects of exercise on large coronary arteries have, to date, demonstrated a change in size of the arteries after training,8' 9 but no studies have described their vasomotor characteristics. One might expect endurance exercise to affect vasomotor reactivity based on several findings. First, it is known that resting levels of plasma catecholamines are lowered by endurance training, 10,`and second, it is known that adrenergic receptors can be "down regulated" by long-term stimulation. 12-14 Since short-term exercise produces an increase in catecholamines, [15] [16] the repetitive exposure to short-term exercise associated with exercise training might cause a reduction in a-receptors. Both observations suggest that coronary vasomotor reactivity, as well as resting coronary caliber, will be affected by endurance exercise. In this study, using an intact, closed-chest dog preparation, we tested the hypothesis that long-term exposure to endurance exercise alters the vasomotor reactivity of large coronary arteries.
Methods
The study was conducted in 14 male mongrel dogs ranging from 16 to 26 kg in weight. The animals were divided into two groups (eight exercise and six controls) and were familiarized with the treadmill for 2 to 3 days. The animals in the exercise group were then given a standard submaximal exercise test'7 to document their heart rate responses before training. Three of the CIRCULATION dogs also had venous blood samples drawn for catecholamine analysis both while they were at rest and immediately after running for 7 min at a work level of 4 mph, 20% grade.
Exercise training of the eight dogs was begun the week after the completion of the exercise tests, and was carried out 5 days per week for 8 weeks on a motorized treadmill (Collins P3800-AE) at progressively increasing workloads until all animals were exercising at a peak level of 6 mph, 20% grade, for 30 min, followed by 30 min at 7.5 mph, 12% grade. At the end of the training period, the animals were retested with the graded submaximal exercise test and blood samples were again obtained while the dogs were at rest and after exercise for catecholamine analysis, which was used to document a response to training.
The six control animals remained sedentary and were confined to cages during the 8 week training period. They then underwent refamiliarization with the exercise test for 2 days followed by retesting and blood sampling identical to that performed in the exercise group.
Blood samples used in the catecholamine analysis consisted of 10 ml of heparinized blood drawn via direct venipuncture of an external jugular vein while the dog sat on the treadmill. The sampling procedure required less than 20 sec and was well tolerated by the animals. Epinephrine Coronary reactivity. To test the vasomotor characteristics of the large coronary arteries serotonin and phenylephrine were infused into the midportion of the LAD of each dog. The infusion protocol for each vasoconstrictor included a control and two doses of the mediator (serotonin, 10 and 50 ,ug/min; phenylephrine, 10 and 50 g.g/min) in an infusion volume of 0.1 or 0.5 ml/min. In the control state and after 7 min of infusion of each dose, pressures and heart rate were measured, blood was sampled from the aorta and coronary sinus to allow determination of oxygen content (Instrumentation Laboratories, oxygen analyzer), and a coronary arteriogram was recorded on highresolution x-ray film during injection of 4 to 6 ml of meglumine diatrizoate into the guide catheter located at the left main coronary orifice. To ensure well-defined coronary images, we used a specially designed x-ray trigger that timed the 35 msec x-ray exposure from the R wave of the electrocardiogram. Timing was set to expose the angiogram in mid-diastole.
Quantitative analysis of the angiogram was done with a computer-based image analysis system. 19 Diameters of arteries were measured at 1 mm intervals and converted to cross-sectional area with use of the formula for area of a circle. Our quantitative angiographic system has been tested both in vitro and in vivo and was found to produce accurate measurements of dimension. 5 Measurements of myocardial blood flow. Blood flow was determined with 15 ,um radioactive microspheres (New England Nuclear) labeled with 57Co, 113Sn, or 16Sc in dogs in the control state and after infusion of the highest dose of each mediator. The microspheres (1.4 million in 2 ml) were injected into the left atrium while blood was sampled at 7.6 ml/min from the femoral artery with the use of a constant-rate withdrawal pump (Harvard Apparatus). After the final dose of drug was given, 3 ml of a-zurine blue dye (10 mg/ml) was injected through the selective coronary catheter into the LAD to delineate the myocardial tissue perfused by the artery. The dogs were then killed with KCl and the heart of each was excised.
The atria and great vessels were separated from the ventricles, which were then weighed, placed in 10% buffered formalin for 3 
Results
Heart and body weights. The two groups of animals had similar heart to body weight ratios (table 1) , although the exercise group had a lower average body weight. Hemodynamic data. Heart rates and aortic pressures (table 3) showed a significant increase with serotonin, but no significant changes were noted with phenylephrine. Responses of blood flow in the total left ventricular myocardium were less evident because the unaffected circumflex flow was averaged with the LAD flow. Coronary arteriovenous oxygen differences were the same under all conditions, but small changes followed the same trend as the flow data. No changes in myocardial oxygen consumption occurred in either group (table 3) .
Exercise training. Figure 1 shows the heart rate response to the standard submaximal exercise test in the trained and nontrained animals. There was a significant reduction of heart rate (p < .01 by two-way analysis of variance) at all levels of exercise. This change constitutes a training effect.
Large coronary effects. Cross-sectional area of the proximal LAD and the circumflex artery are given in table 4. Area change is listed in the right column. Both phenylephrine and serotonin caused constriction in both groups and in both arteries. Reduced constriction was found in the trained animals.
Changes in cross-sectional area of the proximal LAD and circumflex artery, expressed as percent changes from control (100 AA/Ao), are shown in figures 2 and 3. In nontrained animals, 50 gg/min of either serotonin or phenylephrine produced a 35% reduction in cross-sectional area in the LAD, with a smaller effect in the circumflex artery. In the exercise group the effect of phenylephrine was diminished in both arteries ( figure 3) . Evaluation of the responses in trained vs nontrained animals for the LAD and circumflex artery by two-way analysis of variance showed a significant (p < .05) training-induced reduction in the vasoconstrictor response to phenylephrine, but no training effect on serotonin-induced vasoconstriction.
To compare resting coronary dimensions in the two groups, we expressed the control coronary cross-sectional area of trained and nontrained animals in terms of the amount of myocardium supplied by the artery. Thus, the cross-sectional area of the LAD was expressed as area/gram, with the myocardial region that was stained blue by direct injection of blue dye into the LAD considered to represent the total perfused area of the artery. Figure 4 compares the normalized coronary areas for the LAD and the total LAD/circumflex distribution. There was a significant training-induced increase in normalized coronary cross-sectional area (p < .05).
Catecholamines. We measured free plasma levels of epinephrine and norepinephrine to determine if changes in these hormones contributed to the re- sponses of the coronary artery. Both epinephrine and norepinephrine levels were reduced in the trained group (table 5) .
Discussion
The effects of endurance training on the coronary circulation are not well understood. Previous studies24'25 have shown no change in distal coronary vascular resistance and an increase in proximal coronary artery dimensions with exercise training.8' 9, 26-28 The postmortem observations by Currens and White26 on Clarence DeMar, a lifelong marathon runner, suggested that prolonged endurance exercise training was associated with enlarged epicardial coronary arteries. Wyatt and Mitchell,8 using coronary angiography in a longitudinal study involving a single group of animals, suggested that small increases in circumflex area oc- Exercise level I LPost exercise FIGURE 1. Heart rate response to the graded submaximal exercise test described by Tipton et al. 17 The nontrained animals (NT) have a higher heart rate response at all levels of rest and exercise then the trained (T) animals. Heart rate in beats/min. 
